Abstract-A systematic study of the optional maintenance strategies of the Transformer is conducted and a set of general factors which should be considered in the maintenance strategies is established. A Fuzzy Analytic Hierarchy Process (FAHP) based on the goal programming is proposed in view of the defects of the traditional Fuzzy Analytic Hierarchy Process (FAHP), and the specific application process of this method in the transformer maintenance strategies selection is described. In addition, a comparison with the standard Analytic Hierarchy Process is made to clarify the validity of the method proposed in this paper.
I. INTRODUCTION
Equipment maintenance cost is the main cost of production in currently manufacturing firms. For these firms, maintenance cost can reach 15 -70% of production costs, varying according to the type of industry [1] . On the other hand, the money spent on maintenance due to improper maintenance and excess maintenance is about one-third of total maintenance costs, which cause enormously waist. So select the optimal maintenance strategy could reduce overall running costs significantly and increase enterprise productivity。 Maintenance strategies can be divided into fault maintenance, scheduled maintenance, condition based maintenance, and reliability based maintenance, total productive maintenance, predictive maintenance and other repairs. Fault maintenance was the earliest applied maintenance strategies, which means the maintenance didn't begin until the equipment failure showed. This strategy is apparently unable to ensure the reliability and security of the system. The remaining several maintenance strategies can be summarized to preventive maintenance. This means that maintenance strategies can be divided into fault maintenance and preventive maintenance of two categories. Preventive maintenance is made depending on the measured data from a set of sensors system which including vibration monitoring, lubricating analysis, and ultrasonic testing etc. In order to ensure maintain the system or equipment in good condition, preventive maintenance should be the better choices.
It is one of important decision-makings in an enterprise to choose the best maintenance methods for different devices. At present there have been a lot of the research achievements in this field. Azadivar and Shu [2] have proposed a selection of the best maintenance methods for devices under the environment of just-in-time system. In the thesis, 16 attributes that influence the selection of maintenance methods are taken into account and the maintenance methods for devices are selected according to these attributes. Luce [3] , Okumura and Okino [4] have put forward a selection of the best maintenance methods according to different production losses and different costs of various maintenance methods. Bevilacqua and Barglia [1] have adopted the analytic hierarchy process (AHP) to solve the problem of choosing maintenance methods in an Italian refinery. In the paper, relatively comprehensive evaluation attributes are presented in detail. However, the APH cannot entirely and appropriately deal with the fuzzy multi-attribute decision-making problems that are hard to quantify in the selection of maintenance methods.
Tahir Zulkifli et al. [5] propose a new maintenance optimization model. The frequency of failures and downtimes are computed as parameters and decision making grid with fuzzy logic is applied to the optimization of maintenance strategies selection. Jafari et al. [6] proposed a new approach to determine the best maintenance strategy. In order to obtain the best result, the approach considers all the variety in maintenance criteria and their importance weights and also the uncertainty level. Li et al. [7] based on the updated equipment status calculated a reliability-based dynamic maintenance threshold (DMT). In this paper also demonstrated the benefits of the DMT in a numerical case study on a drilling process.
When choosing maintenance methods, we need to consider many attributes. Some attributes are quantitative, such as hardware and software cost, training cost, time between failures, equipment reliability, etc., while some ones, such as security, flexibility, workers' acceptability, etc. are qualitative data and usually fuzzy and uncertain. Fuzzy theory is applied to determine the value of quantitative attributes, and the fuzzy multi-attribute decision-making method can be used.
There have been many implemented MCDM methods in maintenance strategy selection. Sharma et al. [8] using the fuzzy inference theory and MCDM evaluation methodology in fuzzy environment assessed the most popular maintenance strategies. Al-Najjar and Alsyouf [9] identify the criteria using past data and technical analysis of processes machines and components for an MCDM problem. They assessed the capability of each maintenance approach using fuzzy inference system (FIS) . Finally they selected the efficient maintenance approach by utilizing simple additive weighting (SAW) method. Mahdi Bashiri et al. [10] proposed an interactive approach to rank the maintenance strategies using qualitative and quantitative data. Based on the determined criteria helps managers selecting the best maintenance strategy. In order to ensure the result more reasonable within the interaction process maintenance experts also can provide and modify their preference information gradually.
Mechefske and Wang [11] have adopted fuzzy logic to choose the best maintenance methods. When using fuzzy logic, first, organizational goals are defined; second, the weight of each goal and the satisfaction of each maintenance method for different goals are determined by the managerial employees who have taken part in the face-to-face interview; finally, the best maintenance methods are selected according to the equation under the fuzzy environment. However, most methods used for scoring qualitative attributes belong to subjective scoring, which makes the results rarely objective. Therefore, Wang et al [12] have indicated that the judgments made by decision makers are subjective and somewhat inaccurate, and the fuzzy AHP is used to solve this problem in the selection of maintenance methods.
For this reason, the paper presents a kind of fuzzy AHP based on the goal programming to solve the selection of maintenance methods for transformers.
II. ALTERNATIVE MAINTENANCE STRATEGIES AND DECISION CRITERIA
This paper mainly considers four alternative maintenance methods, that is, post-failure maintenance, scheduled maintenance, condition-based maintenance and predictive maintenance. When choosing suitable maintenance methods for large transformers, the transformer servicemen and related decision makers first must be sure the relevant criteria sets(that is, decision-making attribute sets) that need to be considered in the selection of maintenance methods. The decision-making criteria that usually need to be taken into account in the selection of maintenance methods for transformers are shown in Table I [1, 13, 14] . 
A. Analytic Hierarchy Process, AHP
The main steps for using the AHP can be summarized as [15, 16] :
1. The modeling of problems The decision-making problems of the AHP should be divided into different hierarchical structures. Each hierarchy is composed of several decision-making factors. An overall goal is at the top, a group of alternative solutions is at the bottom, and one or more decision-making criteria and sub-criteria are in the middle tiers.
2. To obtain the local weight value of evaluation criteria.
As for criteria in a hierarchy, decision makers should perform a series of pairwise comparisons for all the sub-criteria and the pros and cons of alternatives under the hierarchy to establish the comparison and judgment matrix. The relative importance of decision-making factors (criteria weight and the pros and cons of alternatives) is obtained through the comparative judgment matrix.
3. The global scoring of alternatives This step includes criteria weight and the pros and cons of alternatives, and prioritizes these alternatives. Supposing there are m hierarchies in total and the weight matrix obtained through the judgment matrix is W1, W2,…, Wm, the global scoring of alternatives are :
B. Fuzzy Comparative
When determining the relative importance between any two attributes, decision makers sometimes are hard to give a definite qualitative description, but they may give a fuzzy and uncertain one, for example, "one attribute is about twice more important than the other", "one attribute is about twice to four times more important than the other", etc. It's difficult to use standard weight deciding method in AHP under the circumstances, so some researchers have proposed using fuzzy numbers or fuzzy sets to represent the results of paired comparisons between criteria and to establish the fuzzy comparison and judgment matrix. When the two elements of E i and E j in the same hierarchy are compared, the comparative result in fuzzy judgment can be represented by using the fuzzy number [17] of ã ij . The representation methods and the ways to obtain weight value of the triangular fuzzy number, Gaussian fuzzy number and criteria fuzzy number are studied in the literature [18, 19] . Inspired by these ideas, the paper applies the trapezoidal fuzzy number to express the uncertain results of paired comparisons.
Definition 1: supposing the trapezoidal fuzzy number
, where b and c are mid-value
, a is the lower bound of the trapezoidal function and d is upper bound.
Definition 2: the membership function of trapezoidal fuzzy numbers can be expressed as follows:
where a and d are respectively the lower bound and upper bound of the trapezoidal fuzzy number, and b and c are mid-value.
The fuzzy reciprocal judgment matrix of Ã can be obtained through the pairwise comparisons between criteria (sub-criteria or alternatives) in the same hierarchy, and expressed as:
where n is the number of elements in the hierarchy, and
C. Calculate the Weights by Goal Planning
Considering the problem of obtaining the weight value of n elements (alternatives and evaluation criteria), the fuzzy judgment matrix is shown as the (3) 
where ≤ means fuzzy less than or equal, w i >0, w j >0,and i≠j. The membership function expressing decision makers' precise weight ratio of w i /w j is introduced. As each accurate weight vector w satisfies the bi-directional inequality in some degree, the membership function can be used for measurement. Therefore, the following function is defined to represent the unknown weight ratio of w i /w j : . (7) s.t.
After the weight vector of ) w ,..., w , (w w n 2 1 = obtained through the above formula is normalized, the ultimate normalization accurate value of weight vectors is obtained. In the paper, the membership fitness (MF) is used [19] for measuring whether the accurate weight value is consistent with the fuzzy judgment matrix, and can be expressed as: 
D. Using Fuzzy Analytic Hierarchy Process And Goal Programming to Select Maintenance Strategies, FHP-GP-SMS
From the above, the transformer maintenance model of fuzzy AHP based on the goal programming proposed in this paper can be described as follows:
1. Establish an expert group for maintenance. The expert group takes charge of assigning the importance for n evaluation criteria (C j , j=1,2,…,n) under m kinds of maintenance strategies.
2. Decide on maintenance methods and evaluation criteria, and establish the hierarchical structure of the selection of maintenance methods for transformers.
3. According to the pairwise comparisons of evaluation criterions and criteria in the selection of maintenance methods for transformers in hierarchies, the corresponding comparison and judgment matrix based on trapezoidal fuzzy numbers is given 4. According to the methods mentioned in this paper, the accurate weight of criteria, the accurate local weight of its sub-criteria and further the global weight of sub-criteria are obtained.
5. Perform the pairwise comparisons between alternative maintenance methods and sub-criteria in upper tier, and according to the decision makers' qualitative description, change the pairwise comparisons into the comparison and judgment matrix based on trapezoidal fuzzy numbers.
6. According to the methods of obtaining weight mentioned in this paper, the weight of all the criteria to alternative maintenance methods is obtained. 7. Prioritize these alternatives. To sum up, the transformer maintenance strategies selection can be showed by Fig 1. 
IV. CASE STUDY
We adopt the fuzzy AHP based on the goal programming mentioned in the paper to choose the best maintenance methods for the main transformer in Jiangzhuang coal mine, Zaozhuang Mining Group. First of all, a hierarchical chart of maintenance methods for transformers is established and shown in Fig 2. The professionals of transformer maintenance are asked to give a qualitative description of the relative importance between decision-making attributes. According to the evaluation criterions, experts' suggestions in accordance with TableⅡ are converted into pairwise comparison matrices that are described by using qualitative languages. According to the method of obtaining weights mentioned in this paper, the weights in Table Ⅲ are obtained by using the software of Lingo. Supposing γ=0.6, the objective function value in the (6) The qualitative description of the relative importance is given through the pairwise comparisons between sub-criteria in the second layer and main criteria in the first layer. After the conversion, the fuzzy judgment matrix is obtained, as shown in Table Ⅴ . The local weights and global weights of the sub-criteria are obtained, as shown in Table V . It can be seen that all the MF are 1. This shows that the results obtained from the five fuzzy judgment matrices in the second layer are the same in both three dimensions and two dimensions.
The pairwise comparisons between alternative maintenance methods at the bottom layer and sub-criteria at the upper layer are performed, for example, the relative importance of the pairwise comparisons between the sub-criteria of mean time to repair and the alternative maintenance methods of post-failure maintenance and condition based maintenance is obtained. Further the corresponding judgment matrix can be obtained, as shown in Table VII . (1,1,1,1) (1/4,1/3.5,1/2.5,1 /2)
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(1/7,1/6.5,1/ 5.5,1/5) SM (2,2.5,3. Table Ⅵ and the  Table Ⅷ , and the results are shown in the last line of Table Ⅷ . Therefore, the best maintenance method for transformers is condition-based maintenance. It is more suitable for transformers than post-failure maintenance and scheduled maintenance because it can improve the safety of transformers, bring more additional benefits and reduce production losses, and it is far better than predictive maintenance in the aspects of feasibility, costs, etc., so it is reasonable to regard condition-based maintenance as a maintenance method of transformers. In order to verify the rationality and correctness of the methods mentioned in this paper, we also use the AHP to choose the maintenance methods for transformers. The judgment matrix of AHP can be established by Table Ⅱ and the qualitative description matrix of fuzzy judgment, and the corresponding eigenvectors for the maximum characteristic roots in a judgment matrix is used to calculate the weight of criteria. The weights obtained from the AHP are shown in Table IX , and the evaluation results from AHP are shown in Table X . From the last line in Table X , it can be known that the best maintenance method for transformers obtained through the AHP is condition-based maintenance. The result is consistent with the calculated result by using the methods mentioned in the paper, and the differences of the global scoring value of alternative maintenance methods are also little, but the selection of maintenance methods for FHP-GP-SMS transformers mentioned in the paper can deal with inaccurate qualitative description and fuzzy judgment. For example, in the experts' fuzzy evaluation, the feasibility is one time to two times more important than additional benefits, and in the fuzzy AHP, the uncertain fuzzy judgment can be expressed as (0.5,1,2,2.5), but the AHP cannot solve this kind of problems.
The random consistency (CR) criteria in the judgment matrix can be used to tell whether the weight obtained through the AHP is reasonable. The CR value of all the sub-criteria is given in the rightmost column of Table 10 . It can be seen from Table 10 that the consistency of environmental safety, workers' acceptability, spare parts' inventory and personnel training cost is best, while the consistency of mean time between failures, mean time between repairs and technical feasibility in the judgment matrix is worst. This conclusion is consistent with the MF in Table 8. V. SUMMARY Firstly, the paper reviews the research status of the current selection of maintenance methods and proposes using the fuzzy AHP based on the goal programming to solve the problems. Secondly, in order to overcome the disadvantages in traditional fuzzy AHP, a new method for determining the accurate weight based on trapezoidal fuzzy numbers is proposed in the paper, and the accurate weight in a fuzzy comparison and judgment matrix can be given by using this method, so as to avoid the problems caused by sequencing the fuzzy weight in the conventional approach. Finally, taking the selection of maintenance methods for the main transformer in Jiangzhuang coal mine, Zaozhuang Mining Group as an example, the paper expounds the application process of the mentioned method, compares it with the standard AHP, and explains that the results of the selection of maintenance methods obtained through the fuzzy AHP based on the goal programming are reasonable and feasible.
